Abstract Although microalgae show a great potential in the biotechnology sector, high production costs have limited industrial applications. Biomass harvest is one of the major bottlenecks in microalgae cultivation due to high energy inputs which are needed to separate the cells from the surrounding media. Chemical flocculation is considered to be a reliable resource to improve cost-effectiveness in the downstreaming processing. Flocculation efficiency is dependent on several factors such as the polymer type and charge as well as on the microalgae species. In the present study, 15 polyelectrolytes were tested for their potential to harvest algal biomass. Cationic, anionic and nonionic flocculants were tested in different amounts at varying incubation times to determine the adequate conditions needed. By testing the three chlorophytes, Chlorella sp., Scenedesmus acuminatus and Chlamydomonas reinhardtii, the influence of different sizes, morphologies and motilities of the flocculation efficiency was verified. Furthermore, the biocompatibility of an efficient flocculant was tested in a recycling experiment over a period of 8 weeks.
Introduction
Microalgae are microscopically small photosynthetic protists with rising significance in the biotechnology sector. According to Posten and Walter (2012) , microalgae have a five times higher biomass productivity per hectare compared to terrestrial crops (Posten and Walter 2012) . Furthermore, they can be grown on non-arable land and produce biomass which can serve as food or feedstock or as potential substrate for biofuel production (Chisti 2007; Mata et al. 2010) .
Although microalgae cultivation displays great potential, high production costs have limited industrial application. A major factor is the cell harvest, which contributes to 20-30 % of the biomass production costs (Grima et al. 2003; Mata et al. 2010; Uduman et al. 2010) . Large volumes have to be processed, since the concentration of cells is usually low at 0.5-2.5 g l -1 (Grima et al. 2003) . Commonly used separation processes are a combination of filtration, flotation or flocculation, followed by a final centrifugation step. To separate the cells from the surrounding media, high-energy inputs are needed, often exceeding the energy content of the harvested biomass (Grima et al. 2003; Uduman et al. 2011; Wijffels and Barbosa 2010) .
Increasing the efficiency at low-energy demands within the harvesting process is a major challenge in microalgal biotechnology. In flocculation, the cells coagulate and larger particles are produced with a higher settling velocity due to the higher density of the flocs. Flocculation can be achieved in several ways. Numerous studies have been published on the use of electrocoagulation (Lee et al. 2013; Uduman et al. 2011; Vandamme et al. 2011) , pH-induced flocculation (Vandamme et al. 2012; Wu et al. 2012; Zheng et al. 2012) or bioflocculation using bacteria (Lee et al. 2009 ), filamentous fungi (Zhou et al. 2013) or another flocculating algae to floc a non-flocculating algae (Salim et al. 2011 ) for biomass harvest.
In chemical flocculation, a chemical coagulant is added to the algal suspension (Xu et al. 2010) . Organic and inorganic flocculants like polyelectrolytes and metal salts were investigated. Aluminum, ferric and zinc salts were tested (Papazi et al. 2010 ) and compared with polyelectrolytes (Gerde et al. 2014; Granados et al. 2012; Papazi et al. 2010; Sirin et al. 2012) . Comparative studies showed that higher flocculation efficiencies (FE) were achieved with polyelectrolytes than with metal salts (Gerde et al. 2014; Granados et al. 2012) . Besides the lower FE, another disadvantage of the use of metal salts is the high concentration of metals in the algal biomass after harvest. Metal residues may impede the use of certain applications such as animal feed (Grima et al. 2003) . Polymers are commonly used in wastewater purification processes and preferred for algal harvest, because lower amounts are needed and non-toxic and biodegradable substances are available (Granados et al. 2012) . Polymeric flocculants are commercially available with cationic, anionic and nonionic charges in different charge densities, whereas cationic flocculants are considered to be the most effective for algal harvest (Granados et al. 2012; Tenney et al. 1969) . The effect of different flocculants on several algae species has also been described. The results showed high variability with respect to the algae species and the nature of the flocculant (Gerde et al. 2014; Granados et al. 2012; Harith et al. 2009; Papazi et al. 2010; Rashid et al. 2013; Sirin et al. 2012) .
Chlorella sp., Scenedesmus acuminatus and Chlamydomonas reinhardtii are commonly used laboratory strains and model organisms for algal research (Harris 2001; Mandal and Mallick 2009; Safi et al. 2014; Sanchez et al. 2008) . By testing these three chlorophytes the influence of different sizes, morphologies and motilities of the flocculation efficiency were analyzed.
In the present study, 15 polymeric flocculants were compared to test the following hypotheses. Are cationic flocculants more effective compared to other polymeric flocculants (H1)? Do closely related species show similar flocculation behavior (H2)? Is a reuse of the media after cell separation by flocculation applicable (H3)?
Materials and methods

Microalgae and culture conditions
The experiments were carried out using the freshwater chlorophytes Scenedesmus acuminatus, Chlorella sp. and Chlamydomonas reinhardtii from the culture collection of the University of Applied Sciences Bremen. The cells were grown at 22°C ± 1 in a culture volume of 2 l in Wuxal liquid medium (WM) (Winckelmann et al. 2014 ) without pH control. Bottles were equipped with aeration hoses providing continuous bubbling with compressed air at a flow rate of approximately 2.3 l min -1 . Every 3 days, 600 ml of the culture was used for the experiments and fresh medium was added to the remaining culture. Illumination was offered 24 h per day by fluorescent lamps (OSRAM L 30 W, warm white) placed in front and behind the algae cultures (light intensity, 50 lmol photons m -2 s -1
).
Flocculants
Stock solutions of 15 polymeric flocculants with cationic, anionic and nonionic characteristics were prepared according to the manufacturer's recommendation, dissolved in water and stored at 4°C for a maximum of 2 weeks.
Flocculation experiments
Before each experiment, the pH of the sample from the algae culture was carefully adjusted to 7.0 by adding 1 N HCl. The cell number was determined using a Thoma counting chamber (Paul Marienfeld GmbH & Co. KG, Lauda-Königshofen, Germany) and subsequently adjusted to 1 9 10 7 cells ml -1 by dilution with tap water. Flocculation experiments were evaluated using jar tests (Granados et al. 2012; Hudson and Wagner 1981; Vandamme et al. 2010) . 100 ml Erlenmeyer flasks were filled with 100 ml of algal suspension (Fig. 2) . The flasks were stirred at 150 rpm. One type and concentration was used in each flask. Once the flocculant was added, the culture was mixed for 1 min at 250 rpm, to allow flocculant distribution. After 1 min, the mixing speed was reduced to 50 rpm for 2 min, to support floc formation, followed by a settling phase without agitation. Samples were taken directly after the flocculant distribution and after 2, 10, 30 and 60 min from 3 cm under the culture surface. Optical density was measured at 750 nm (Genesys 20, Thermo Scientific, Walthman, USA) and the flocculation efficiency (FE) was determined as follows:
where OD T0 is the initial optical density before starting the flocculation and OD T1 is the optical density of the sample at a certain point of time during the process. Samples showing OD values above 0.5 were diluted with tap water for the measurements to assure linearity.
Media reuse after flocculation
A recycling experiment was conducted to investigate the potential negative impact of flocculant residues on algal growth when the media are recycled. Flocculant PK55H was chosen for the media reuse experiment. The experiment was conducted in triplicate using the microalgae Chlamydomonas reinhardtii under the same cultivation setup as described in ''Microalgae and culture conditions''. Over a period of 8 weeks, the cultures were harvested weekly by flocculation (Fig. 1a) or centrifugation ( Fig. 1b) , whereas the centrifugation served as positive control displaying the growth without the impact of the flocculant. The volume of the recycled media was dependent on the optical density of the culture. After cell separation, the culture supernatant was enriched with concentrated WM and led back into the culture vessel. The final optical density in the culture after media recycling was 1.5 at 750 nm. Cell growth was monitored by optical density measurements at 750 nm, cell count determinations and dry biomass determination. For dry biomass determination, 10 ml of the algal culture was filtered through a previously balanced Whatman GF/C glass fiber filter (Whatman, Maidstone, UK). The filters were dried in an oven at 80°C for 12 h and weighed afterward. The difference in weight was calculated and multiplied by 100 resulting in the dry biomass expressed in g l -1 .
Result and discussion
The flocculation process consists of different stages as displayed in Fig. 2 . This shows the different phases during a flocculation process using S.acuminatus with the flocculant PK55H. After the addition of the polymer (a), the mixing speed was increased for 1 min to allow flocculant distribution (b). The flocculant adsorbs to the cell surface and the suspension is destabilized (c) and floc formation can be observed (d, e). The flocs grow Fig. 1 Media reuse experiment. Over a period of 8 weeks, the cultures were harvested weekly by a flocculation or b centrifugation. After cell separation, the culture supernatant was enriched with concentrated WM and led back into the culture vessel due to successive collisions and adsorption of microflocs (f-i). In a last phase, the agitation is stopped and the flocs are allowed to settle (j). According to the manufacturer, PK55H is a strong cationic polymer producing large dense flocs (Fig. 5i, c) . The flocculant concentration in the suspension significantly affects the FE. If a destabilization of the algal culture is not visible after flocculant addition, the amount of flocculant can be increased.
Flocculation experiments were conducted determining the FE at different dosages for all 15 flocculants investigated (Table 1) . Furthermore, the optimal incubation time was identified by monitoring the FE at different time points. In each experiment, the flocculant was added and the optical density was measured after 0, 2, 10, 30 and 60 min. The settling of the microalgae was monitored as a result of flocculation. Figure 3a shows the flocculation of Chlorella sp., Scenedesmus acuminatus and Chlamydomonas reinhardtii with the cationic flocculant KW100. Increasing flocculant concentration causes the FE to rise. Figure 3a shows the results for Chlorella sp. at concentrations between 5 and 40 mg l -1 of flocculant in the algae culture. Whereas 5 mg l -1 did not even reach a FE of 50 %, concentrations above 25 mg l -1 resulted in a recovery rate of 90 %. The incubation time, however, differed significantly. Increasing the amount of flocculant added reduces the incubation time needed to reach 90 % FE. 60 min was needed at 25 mg l -1 , 10 min at 30 mg l -1 and only 2 min at 35 mg l -1 to reach 90 %. Higher amounts were needed for the flocculation of S.acuminatus and C.reinhardtii (Fig. 3b, c ). An FE of 90 % was reached after 10 and 60 min, respectively, only after adding 60 mg l -1 . Lower doses of 15 mg l -1 for Chlorella and 30 mg l -1 for Scenedesmus and Chlamydomonas resulted in insufficient algae recovery. Different behaviors in flocculation performance between the algae species were also observed in experiments displayed in Fig. 4 .
Cationic, anionic and nonionic flocculants were compared with regard to the flocculation efficiency of the three algal species. First, the minimum concentration needed to achieve the highest FE was determined. Figure 4 shows the highest FE achieved within the experiments, together with the corresponding amount of flocculant applied. The concentration is given in mg l -1 and is indicated on top of each bar. Whereas Fig. 4a , b shows the results of cationic flocculants, Fig. 4c shows the FE for anionic and nonionic flocculants. PK55H reached the best FE at the lowest flocculant concentration. According to the manufacturers' information, PK55H is a strongly cationic polymer of high molecular weight. Even at low PK55H concentrations of 1.5 mg l -1 for Chlorella and 2-and 4 mg l -1 for Scenedesmus and Chlamydomonas, high FE of \95 % was attained (Fig. 4b ). This flocculant is suitable for all the three cell types, resulting in large and dense flocs (Fig. 5) .
The cationic charge of a flocculant is dependent on the amount of cationic charged monomers bound to the polymer chain and can vary between 0 and 100 % (Gerde et al. 2014 ). According to the manufacturers' information, KW 100 and KW 45 are both polymers with similar polymer structure, merely differing in the amount of cationic groups attached to the polymer chain. The polymer chain of KW100 is completely substituted with cationic groups resulting in FE\90 %. In the case of KW45, only 35 % of the available sites are covered with cationic groups showing lower FE between 40 and 80 %. This result confirms the assumption that the degree of cationic ionization affects harvesting efficiencies. A higher cationic charge of a polymer results in better FE.
CFL217, CFL 229 and CFL 25 belong to the group of polyDADMACS (Diallyldimethyl ammonium chloride). According to the manufacturer's information the molecular weight of these polymers is low with a high cationic charge. The results showed FE of 80-100 % with the best results for Scenedesmus. In the case of CFL25, the results for the three tested microalgae differ (Fig. 4) . Chlorella cells were coagulated with an FE of \90 % resulting in very fine and small flocs (Fig. 5) . Chlamydomonas cells, however, only achieved FE of 20 %. The specific surface area of the cells is another important factor to consider. The smaller size of Chlorella cells (2-10 lm) give them a smaller surface area compared to Scenedesmus and Chlamydomonas cells (10-30 lm). Polymers of low molecular weight can entirely absorb onto the cell surface forming regions with cationic nature. These regions can bind negatively charged regions of other algal cells. Larger cells might not be bound effectively resulting in lower FE. The prices stated are price indications subjected to daily fluctuations and dependent on the ordered quantities NA price not available Several microalgae have been subjected to flocculation experiments such as Chlorella, Chlamydomonas, Scenedesmus, Schizochytrium, Muriellopsis, and Phaeodactylum resulting in different FE per milligram of flocculant (Gerde et al. 2014; Granados et al. 2012; Harith et al. 2009; Papazi et al. 2010; Rashid et al. 2013; Sirin et al. 2012) . Chlorella sp., Scenedesmus acuminatus and Chlamydomonas reinhardtii are commonly used laboratory strains and model organisms for algal research (Harris 2001; Mandal and Mallick 2009; Safi et al. 2014; Sanchez et al. 2008) . By testing these three chlorophytes, the influence of different sizes, morphologies and motilities of the flocculation efficiency should be verified. Considering the varying flocculant concentrations needed to floc the different algal species, the hypothesis that related species (Chlorophyceae) show similar flocculation behavior cannot be positively proved. Figure 4c shows the results gained with nonionic (AN 20, LT20) and anionic flocculants (LT25, LT27 and AN10TW). No flocculation was observed for these flocculants, whichever dose was used.
At neutral pH, the cell surface of microalgae is usually negatively charged due to functional groups on the algal surface (Golueke and Oswald 1970) . Therefore, generally positively charged flocculants are ). Optical density measurements were conducted after 2, 10, 30 and 60 min recommended to neutralize the negatively charged cell surface of the microalgae (Granados et al. 2012; Tenney et al. 1969) . Flocculation with polymers of the same charge can also be achieved by other mechanisms than charge neutralization, such as inter-particle bridging with long polymers. Tenney and co-workers reported the attachment of anionic polymers to the algal surface, but no floc formation in the solution was observed. Strongly anionic polymers can be effective in basic media. Harith et al. described an effective use of anionic flocculants only after algal surface charge neutralization by pH adjustments. The application of flocculant LT25 and LT 27 at a pH of 10.2 with the microalgae Chaetoceros calcitrans resulted in flocculation efficiencies above 90 % (Harith et al. 2009 ). The increase of pH before flocculation might improve FE, but negatively affect media recycling and thereby cost-effectiveness.
Based on the results, the use of anionic and nonionic flocculants cannot be recommended for harvesting of Chlorella, Scenedesmus and Chlamydomonas cells. The results gained positively prove the hypothesis that cationic flocculants are more effective than anionic or nonionic polymers in respects of FE.
For industrial application, the recycling of the growth media after cell harvest is an important factor in costeffectiveness. Residues and color changes after flocculation experiments were reported, indicating that medium recycling after flocculation was not feasible (Sirin et al. 2012) . It was necessary to verify if remaining flocculant particles do not negatively affect cell growth if the media are led back into the culture vessel after cell separation. A recycling experiment was conducted over a period of 8 weeks using Chlamydomonas cultures. The biomass was harvested weekly using the flocculant PK55H or centrifugation and the supernatant was returned into the bioreactor. Figure 6 shows the results of the growth of the microalgae by optical density (OD) measurements. After each harvesting, the optical density (750 nm) was adjusted to 1.5 to improve the light conditions for the algae. No differences between the flocculated cultures and the cultures harvested by centrifugation were visible by comparing OD values.
Although the OD values between flocculated and centrifuged cultures remained similar, the biomass concentration changed. After 10 days, the formation of aggregates was visible under the microscope and the ratio between OD and BTM changed (Table 2; Fig. 6 ). Although the OD values remained the same, due to the aggregates, more cells were present in the cultures, resulting in higher dry biomass values. Table 2 lists the dry biomass values measured every week before harvesting. The data from the control and the recycling experiment differed significantly. After 8 weeks of cultivation, the dry biomass of the recycling FlocculaƟon with PK 55 h CentrifugaƟon Fig. 6 Media reuse after flocculation. Over a period of 8 weeks the culture was harvested weekly by flocculation or centrifugation and the supernatant enriched with nutrients was led back into the bioreactor. The graph displays the optical density measurements registered three times per week experiment was 1 g l -1 higher than that of the control cultures, although the OD values remained similar. The growth rates, however, indicate that neither the added flocculant nor a possible accumulation of algal products negatively affected cell growth.
Over a period of 8 weeks, the culture media were successfully recycled after flocculation. The hypothesis that the reuse of the media is applicable was positively proved.
Conclusion
The flocculation efficiency of microalgae for cell harvest was significantly influenced by the net charge of the tested polymer. Cationic flocculants achieved the highest flocculation efficiencies, whereas anionic and nonionic flocculants resulted in no or insufficient flocculation. The amount of flocculant needed varied among the chemicals from 1.5 to 70 mg l -1 , but also between the algae species (e.g., CFL25 with 30 mg l -1 for Chlorella and 70 mg l -1 for Scenedesmus). Because of high flocculation efficiencies above 95 % at low concentrations of 1.5 mg l -1 , the cationic polyelectrolyte PK55H was selected for recycling experiments. No limitation in culture growth and biomass production was detected, although an aggregation of the cells was visible. The results showed that chemical flocculation is a simple, efficient and inexpensive method for harvesting different types of microalgae. 
